Duplication of human chromosome 22q11.2 is associated with elevated rates of mental retardation, autism, and many other behavioral phenotypes. However, because duplications cover 1.5 to 6 Mb, the precise manner in which segments of 22q11.2 causally affect behavior is not known in humans. We have now determined the developmental impact of over-expression of an approximately 190-kb segment of human 22q11.2, which includes the genes TXNRD2, COMT, and ARVCF, on behaviors in bacterial artificial chromosome (BAC) transgenic (TG) mice. BAC TG mice and wild-type (WT) mice were tested for their cognitive capacities, affectand stress-related behaviors, and motor activity at 1 and 2 months of age. An enzymatic assay determined the impact of BAC over-expression on the activity level of COMT. BAC TG mice approached a rewarded goal faster (i.e., incentive learning), but were impaired in delayed rewarded alternation during development. In contrast, BAC TG and WT mice were indistinguishable in rewarded alternation without delays, spontaneous alternation, prepulse inhibition, social interaction, anxiety-, stress-, and fear-related behaviors, and motor activity.
INTRODUCTION
The human genome contains many types of variation, ranging from single nucleotide polymorphisms (SNPs) in individual genes to duplication or deletion of full chromosomes. A surprisingly large number of intermediate structural variations in the human genome, including kilo-to mega-base copy number variations (CNVs), also exist and are associated with autism spectrum disorders and schizophrenia (1) (2) (3) (4) (5) . However, the precise manner in which these CNVs cause or remain silent in phenotypic variation is poorly understood.
Human chromosome 22q11.2 is considered a hotspot of CNVs (6) . Children and adolescents with 22q11.2 duplications consistently exhibit cognitive and intellectual impairments during development, and they are often diagnosed with mental retardation and autism (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Moreover, CNV screenings in individuals with autism (2, 3, (21) (22) (23) and mental retardation (24, 25) have identified duplications in 22q11.2. Unlike human association studies of SNPs, the association between 22q11.2 duplications and developmental cognitive impairments is remarkably consistent and replicable (18, 20) . Published studies, excluding meeting abstracts, collectively show that 97% of individuals with 22q11.2 duplications exhibit cognitive deficits (18) . However, because the diagnosis of mental retardation and autism include variations in diverse cognitive and intellectual capacities, the precise nature of cognitive impairments caused by 22q11.2 duplication remains unclear.
Duplications of 22q11.2 encompass 1.5 Mb or larger regions, making it impossible to determine whether segments or single genes are responsible for phenotypes in humans.
Although association studies with SNPs have suggested that single gene alleles in 22q11.2 might contribute to behavioral phenotypes, conflicting evidence has been reported. COMT is one of by guest on April 30, 2016 http://hmg.oxfordjournals.org/ Downloaded from the most extensively studied 22q11.2 genes related to cognitive function. Many studies have implicated a high-activity allele of COMT in cognitive defects in humans (26) . Moreover, haplotype analyses have indicated that a set of SNPs of a 22q11.2 region that includes thioredoxin reductase 2 (TXNRD2), catechol-O-methyltransferase (COMT), and armadillo repeat gene deletes in velocardiofacial syndrome (ARVCF) are over-transmitted in individuals with schizophrenia, a disorder characterized by specific cognitive impairments (27, 28) . However, other reports have failed to confirm these associations (29) (30) (31) (32) .
To determine the impact of copy number variation of a specific 22q11.2 region on precise behavioral phenotypes, we tested mice that over-express an approximately 190-kb human chromosomal segment, including TXNRD2, COMT, and ARVCF, in a battery of assays that evaluate cognitive functions, affect-and stress-related behaviors, and motor function. Because individuals with 22q11.2 duplications begin to exhibit many behavioral phenotypes early during development, our behavioral analysis primarily focused on the developmental period from 1 to 2 months. When no phenotype was seen during this time, we then tested the mice at 5 months of age. These ages correspond to developmental milestones in mice. Although strain differences exist, mice exhibit signs of sexual maturation at 1 month of age, but the development of many biological processes continues until they reach mature adulthood at 3 months. The period from 3 to 6 months of age is considered mature adulthood for C57BL/6J mice (33, 34) . Our data show that when this chromosomal segment is over-expressed, phenotypes related to a specific type of learning and memory are observed during development. 
RESULTS
Mice were tested in a battery of tasks that are designed to evaluate cognition, learning, memory, affect-and stress-related behaviors, and motor activity, as described earlier (35) .
Cognition, learning, and memory were evaluated using rewarded approach, rewarded alternation, spontaneous alternation, and prepulse inhibition (PPI). The affect-related traits were examined using social interaction, anxiety-related behaviors in the elevated plus maze and in an inescapable open field, a fear response in an acoustic startle task, and an affect-and stress-related behavior in a tail suspension task. Motor function was examined using horizontal spontaneous locomotor activity in an inescapable open field.
Rewarded approach
Mice gradually learned to reach a rewarded arm faster on an L-maze over time (Day, F 5,3280 = 421.52, P < 0.01) and performed faster at the age of 1 month than at 2 months (Age, F 1,656 = 89.14, P < 0.01) (Fig 1) . At both 1 and 2 months of age, BAC TG mice exhibited a shorter latency to reach the goal than WT mice on early learning days than later learning days (Genotype, F 1,656 = 21.99, P < 0.01; Genotype x Day, F 5,3280 = 2.37, P < 0.05; Genotype x Age, F 1,656 = 1.42, n.s.; Genotype x Age x Day, F 5,3280 = 0.31, n.s.). Newman-Keuls post-hoc comparisons showed that BAC TG mice reached the goal faster on the first 4 days compared to WT mice.
Rewarded alternation
Given a choice between two arms following a visit to one of them during a preceding run, mice tend to visit a previously unvisited arm (i.e., rewarded alternation). Mice achieved better rewarded alternation at the age of 2 months than at 1 month (Age, F 1,54 = 21.98, P < 0.01), and by guest on April 30, 2016 http://hmg.oxfordjournals.org/ Downloaded from performed with higher percentages of alternation on earlier rather than later days (Day, F 4,216 = 4.05, P < 0.01) (Fig. 2) . WT and BAC TG mice performed rewarded alternation equally well at both 1 and 2 months of age (Genotype, F 1,54 = 1.06, n.s.; Genotype x Age, F 1,54 = 0.97, n.s., Genotype x Age x Day, F 4,216 = 1.53, n.s.).
Delayed rewarded alternation
When delay intervals were imposed between the sampling run and the choice run in rewarded alternation, mice performed more poorly following longer delays (Delay, F 2,304 = 87.87, P < 0.01) (Fig 3) . Two-month old mice performed better than 1-month-old mice (Age, F 1,152 = 6.55, P < 0.05). BAC TG mice performed more poorly than WT mice (Genotype F 1,152 = 13.69, P < 0.01).
Exploratory ANOVAs showed that BAC TG mice were impaired at 2 months (Genotype, F 1,76 = 10.89, P < 0.01; Genotype x Delay, F 2,152 = 0.69, n.s.), but not at 1 month of age (Genotype, F 1,76 = 3.87, n.s.; Genotype x Delay, F 2,152 = 1.12, n.s.). This impairment was due to a lack of developmental maturation of rewarded alternation; WT mice showed better performance at 2 months than at 1 month of age (Age, F 1,82 = 6.39, P < 0.05), but such developmental maturation was absent in BAC TG mice (Age, F 1,70 = 1.33, n.s.).
Spontaneous alternation
Spontaneous alternation is the innate tendency to visit a previously unvisited, rather than visited arm, even without reward, in a T-maze. Genotype had no effect on choice accuracy (Genotype, F 1,145 = 0.08, n.s.), and spontaneous alternation did not change during the developmental stages tested (Age, F 2,145 = 0.29, n.s.) (Fig. 4) . 
PPI
Mice showed higher levels of PPI at higher prepulse intensities (F 3,474 = 46.40, P < 0.01), but genotype had no effect on PPI (F 1,158 = 0.32, n.s.) (Fig. 5) . Five-month-old mice exhibited considerably higher levels of PPI, compared to the other two age groups (Age, F 2,158 = 7.39, P < 0.01; Age x Prepulse, F 6,474 = 3.95, P < 0.01). No other effect was significant.
Social Behavior
When a pair of non-littermate mice are placed into a homecage-like environment where neither is a resident, they engage in non-aggressive, affiliative social behaviors (35) . Active affiliative social behaviors differed depending on age and session (Age × Session, F 2,46 = 3.55, P < 0.01) (Fig. 6 ). Although the genotype alone did not affect active social interaction (F 1,46 = 0.01, n.s.), it had a significant effect on this behavior together with the session (Genotype × Session, F 1,46 = 6.64, P < 0.05). However, Newman-Keuls post-hoc comparisons failed to detect a significant difference between WT and BAC TG mice at any session in any age group. No other single or interaction effect was significant.
Mice exhibited very low levels of passive affiliative social interaction behaviors under our experimental conditions (data not shown). Neither genotype nor age had any effect on these behaviors (Genotype, F 1,46 = 0.72, n.s.; Age, F 2,46 = 0.50, n.s.). No other effect was significant.
Elevated Plus Maze
Mice naturally avoid open arms in the elevated plus maze, which is thought to reflect anxiety, since it is attenuated by anxiolytic drugs (35) . Mice avoided open arms in the elevated by guest on April 30, 2016 http://hmg.oxfordjournals.org/ Downloaded from plus maze, as evidenced by less than 50% time spent in the open arms (Fig. 7A) . Genotype had no effect on this anxiety-related behavior (Genotype, F 1,113 = 2.17, n.s.), although this behavioral tendency was more pronounced at 2 and 5 months of age, compared to 1 month of age (Age, F 2,113 = 29.62, P < 0.01).
Similarly, when analyzed for the frequency of visits to the open arms (Fig. 7B) , genotype had no effect on this behavior (Genotype, F 1,111 = 0.59, n.s.), but age was a significant factor (F 2,111 = 23.90, P < 0.01).
Thigmotaxis
Thigmotaxis, a tendency to remain in the vicinity of a wall in an inescapable open field, is thought to reflect anxiety, stress, and fear (35, 36) . Mice tended to stay in the vicinity of the wall more during the first 5 min than at later time points (Time interval, F 5,705 = 22.66, P < 0.01) ( Fig. 7C-E) . Thigmotaxis was not affected by genotype (F 1,141 = 1.20, n.s.) and was more sustained at 1 and 2 months of age, compared to 5 months of age (Age, F 2,141 = 6.55, P < 0.01; Age x Time interval, F 10,705 = 2.12, P < 0.05).
Tail Suspension
Immobility during suspension by the tail is thought to reflect a basal affective state and a stress response (35, 36) . Genotype had no effect on immobility during this task (F 1,83 = 0.85, n.s.), but mice tended to exhibit immobility longer at 2 and 5 months of age than at 1 month of age (F 2,83 = 4.23, P < 0.05) (Fig. 8) .
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Startle
The sudden presentation of a loud acoustic stimulus causes a startle response. BAC TG and WT mice exhibited equally higher levels of startle in response to higher pulses (Genotype, F 1,158 = 0.13, n.s.; Pulse, F 9,1422 = 250.41, P < 0.01) (Fig. 9) . One-month-old mice showed lower levels of startle at high levels of pulses than 2-and 5-month-old mice (Age, F 2,158 = 4.72, P < 0.05; Age x Pulse, F 18,1422 = 3.91, P < 0.01).
Spontaneous Motor Activity
BAC TG mice exhibited lower levels of motor activity compared to WT mice (Genotype, 
COMT activity
One or two copies of the BAC expressed in the brain was reflected in higher levels of COMT activity in various brain regions examined (Table 1) . COMT activities were higher in BAC TG mice compared to WT mice (Genotype, F 1,16 = 245.57, P < 0.01). Basal levels of COMT were higher in the prefrontal cortex compared to the striatum and hippocampus (Region, F 2,32 = 187.54, P < 0.01). For each brain region examined, BAC TG mice exhibited ~2-fold higher COMT activity than did WT mice. 
DISCUSSION
Our results demonstrate that over-expression of the ~190-kb 22q11.2 human chromosomal region developmentally affects a select set of behaviors. BAC TG mice exhibited faster performance in rewarded approach, but were impaired in rewarded alternation with delay. These phenotypes are highly selective, since BAC TG mice did not exhibit any other phenotypes in rewarded alternation without delay, spontaneous alternation, PPI, social interaction, anxiety-, affect-, or stress-related behaviors, or motor activity. Over-expression of the BAC resulted in a functional consequence in the brain, as evidenced by ~2-fold elevated levels of COMT enzymatic activity in the prefrontal cortex, striatum, and hippocampus of BAC TG mice. We previously reported that over-expression of an adjacent ~200-kb region of human chromosome 22q11.2, including Septin 5 (SEPT5), glycoprotein Ib (platelet), beta polypeptide (GP1Bb), T-box 1 (TBX1), and guanine nucleotide binding protein, beta polypeptide 1-like (GNB1L), caused antipsychotic-responsive behavioral sensitization in mice (37) and that Sept5 deficiency caused deficits in social interaction and rewarded approach in mice (35) . Our data extend these findings by demonstrating that the ~190kb region with a different set of genes contributes to a unique set of behavioral phenotypes.
Compared to WT mice, BAC TG mice showed a shorter latency to reach the rewarded goal during an early training phase in the rewarded approach. In this task, mice need to reach the baited goal arm in an L maze. One critical element of this task is that the goal arm is pseudorandomly determined by the experimenter for each trial. Because the spatial memory for a previously visited arm provides no information as to which arm is baited next, and since the same arm is not baited more than twice in a row, this task minimizes spatial working and reference memory and maximally evaluates an approach behavior guided by local cues, represented by the only open arm regardless of its spatial location (i.e., incentive learning) (38) .
The faster approach in BAC TG mice does not seem to be due to improved motor capacity, because BAC TG mice were indistinguishable in motor activity from WT mice and even tended to exhibit less motor activity than WT mice in an open field (Fig. 10 ).
Because enhanced incentive learning was limited to an early training phase, some processes unique to the early phase of this learning might have been enhanced by overexpression of this 22q11.2 segment. Since COMT, a catalytic enzyme of dopamine, is encoded in the ~190 kb BAC, increased COMT activity may have altered the early phase of dopamine transmission during rewarded behavior. In fact, how dopamine is released in the rodent brain depends on the amount of training. In rodents, when the delivery of reward is not fully expected, dopamine release occurs. When training progresses and the reward is predictable, such a response subsides (39, 40) . One potential explanation for the enhanced incentive learning is the postulated differential role of COMT on tonic and phasic dopamine release. It has been speculated that tonic and phasic dopamine release are terminated by COMT and the dopamine transporter, respectively, in the nucleus accumbens. According to this hypothesis, increased COMT activity is likely to amplify signaling initiated by reward-triggered phasic dopamine by removing the inhibitory action of tonically released dopamine on dopaminergic neurons (41).
Our findings provide insight into how the over-expressed chromosomal segment contributes to memory and cognitive functions. The absence of developmental improvement in delayed rewarded alternation is in contrast to normal rewarded alternation without delay and normal spontaneous alternation in BAC TG mice. Rewarded alternation and spontaneous alteration in the T-maze require working memory in which the animal temporarily retains by guest on April 30, 2016 http://hmg.oxfordjournals.org/ Downloaded from information about a previously visited arm and subsequently chooses to visit the arm that does not match this arm. Our data suggest that BAC TG mice were selectively impaired in their cognitive capacity to retain working memory during delay.
The execution of rewarded alternation depends on multiple brain structures, including the prefrontal cortex, hippocampus, and diencephalon, but the precise way each of the different structures contributes to elements of this task may not be identical (42) . Over-expression of this 22q11.2 segment in the hippocampal system could influence the phenotype in delayed rewarded alternation. Damage to the hippocampal formation selectively impairs the delayed component of rewarded alternation and other working memory tasks in rodents, which is not seen with damage to the prefrontal cortex (43) (44) (45) (46) (47) (48) . Consistent with studies reporting that COMT mRNA is abundantly expressed in the human and rodent hippocampus (49) (50) (51) , our data showed that COMT enzymatic activity also was present in the hippocampus. Although an ample body of evidence supports the role of COMT in the prefrontal cortex in cognition (26) , our findings suggest the need for more studies to explore a possible link between COMT levels and hippocampal functions in prolonged retention of working memory.
There was no phenotype in short-term retention of working memory (Fig. 2) , spontaneous alternation (Fig. 4) , PPI (Fig. 5 ), social interaction (Fig. 6) , anxiety-related behaviors in the elevated plus maze or thigmotaxis (Fig. 7) , immobility in tail suspension (Fig. 8), startle (Fig. 9 ), or motor activity in an open field (Fig. 10) . The absence of phenotypes in these tasks is unlikely to reflect a ceiling effect or a floor effect; performance showed further changes over days ( Fig. 9) intensities. Moreover, mice generally are capable of exhibiting much higher or lower levels of performance in all of these tasks (35) . Although humans with 22q11.2 duplications variably exhibit affect-related phenotypes and delays in motor development (12, 13, 18) , the chromosomal region we studied may not be responsible for these phenotypes.
Alternatively, these phenotypes seen in humans with 22q11.2 duplication may not be well represented by the rodent tasks used in this study. It should be noted, however, that although not statistically significant, there was an overall trend of lower motor activity in BAC TG mice. The three genes encoded in the BAC and other 22q11.2 genes may additively contribute to delays in motor development.
Our BAC TG mice over-express a human chromosomal segment that includes TXNRD2, COMT, and ARVCF. Because these three genes are endogenously expressed in the developing mouse brain (51, 52) , behavioral phenotypes could reflect the impact of over-expression of any single human gene, more than one of the three human genes, or an epistatic action among some or all of the three genes. Thus, our BAC TG mice cannot be directly compared to mice that over-express COMT alone (53) . Moreover, our BAC TG mice exhibited an approximately 2-fold increase in COMT activity in the brain, whereas COMT TG mice in the study by Papaleo et al. showed an approximately 16% increase in the levels of enzymatic activity in the frontal cortex, compared to WT mice (53) . Duplication cases are expected to be associated with much higher levels of COMT activity compared to the approximately 38% increase in enzymatic activity associated with a COMT Val allele vs. Met allele in the human brain (54) . In addition,
adult COMT TG mice were tested at 3 to 7 months of age in the Papaleo et al. study (53) , whereas our BAC TG mice were tested during development at 1 and 2 months of age, as well as during adulthood at 5 months of age. Nevertheless, the differences and similarities between the phenotypes exhibited by our BAC TG mice and the COMT TG mice are interesting. Our BAC TG mice and the COMT TG mice were similarly impaired in the percentage of correct choices in discrete-trial rewarded alternation with delay. Moreover, COMT TG mice were impaired in only one version of an attentional shift task where the task difficulty is highest (53) . High activity levels of COMT may exert a detrimental effect on the cognitive capacity when demand is high. More studies are needed to test whether COMT is involved in such a difficulty-specific deficit in many cognitive tasks.
COMT TG mice were reported to be impaired in rewarded alternation without delay (53), but our BAC TG mice were normal in this version of rewarded alternation. However, in the study of Palaleo et al., data were shown as the number of days needed to reach a correct choice 80% of the time, and COMT TG mice needed more days to reach this criterion than did WT mice (53) . Our data are consistent with their observation in that WT mice reached this criterion, but BAC TG mice never did at one month of age ( Fig. 2A) . COMT levels may affect the amount of training needed to reach a certain criterion more than the choice accuracy of working memory during development.
The apparent absence of PPI deficits in BAC TG mice is consistent with mouse studies reporting that the COMT TG mice, as well as Comt KO mice, were normal in PPI at 3 to 7 months (53,55). Our findings extend these studies by demonstrating that elevated levels of the three 22q11. There are a number of chromosomal abnormalities that are associated with a set of symptomatic elements of mental retardation and autism spectrum disorders, but each chromosomal abnormality also causes a separate set of specific symptomatic elements (57).
When viewed from the impact of genes on specific cognitive impairments, the boundary between DSM-defined neuropsychiatric disorders blurs. Our data show that over-expression of the ~190-kb segment of 22q11.2 affects prolonged retention of working memory, but working memory is non-specifically affected in many clinically defined neuropsychiatric disorders, including mental retardation, autism, and schizophrenia. A major future challenge will be to critically evaluate how diverse symptomatic elements constitute, or even causally relate to, the clinically-classified disease entities.
MATERIALS AND METHODS
Mice
The circular BAC DNA (BAC467.8), containing TXNRD2, COMT, and ARVCF, was injected into the pronucleus of fertilized FVB zygotes. The TG mice expressed one to two Moreover, FVB mice are impaired in motor performance and learning (62) . To avoid these nonspecific effects of the genetic background, BAC TG mice were backcrossed to C57BL/6J mice for 10 generations. The genotypes of the mice were determined using tail tissues at the age of 7-10 days. We used two sets of PCR primers for genotyping: (1) were maintained in a group of up to five in a cage and were given access to food and water ad libitum, unless otherwise specified. Male congenic BAC TG mice and their WT littermates were tested at the ages of 1 and 2 months, unless otherwise specified. If no phenotype was seen at these two age points, an additional group of 5-month-old mice was tested.
Behavioral Analysis
Rewarded Approach. The apparatus and procedure have been previously reported (35) . Briefly, following habituation to the apparatus, individual mice were allowed to run from the start compartment of the T-maze to one goal arm while the other goal arm was blocked by a door (i.e., L-maze). The experimenter pseudorandomly designated one of the two arms as the goal 50% of the cases for each day; the same arm was not chosen as the goal more than twice in a row. Because the previously visited arm provides no information, this procedure does not require spatial working or reference memory. Because the open goal arm served as a local cue that signaled the availability of reward, this task tests the animal's ability to reach the cued goal (i.e., incentive learning) (38) . Six trials of up to 10 min were given per day for 6 days, with the inter-trial interval set within 10 min. The reward was sweetened, condensed milk (diluted 50/50 with water) placed in the food well at the end of the arm. Immediately after consuming the reward, mice were picked up from the goal compartment. Latency to the first lick of milk was recorded and used for analysis.
Rewarded Alternation. After completion of the six day training in the rewarded approach, mice were trained for rewarded alternation on six trials per day for 5 days. We used the apparatus and the procedure described previously (35) . Each discrete trial included a sampling run and a choice run, and six trials were given per day. The inter-trial interval was set within 10 min.
During the sampling run for each mouse, the experimenter baited both goal arms, but Delayed Rewarded Alternation. Mice were tested in this task with no delay, a 1 min delay, and a 5 min delay imposed between the sampling run and the choice run. For each delay, mice were given six trials per day over a period of 3 days with the inter-trial interval set within 10 min.
After completing testing with no delay, they were given testing with a 1 min delay and then a 5 min delay. Mice were returned to their home cages during delays. The delay was timed from the time the animal entered the goal arm and the door was lowered to the time when animals were picked up from the home cages and placed in the start compartment. Otherwise, the procedure was identical to that of the rewarded alternation without delay, as described above. active and passive social behaviors was rated by observers blinded to genotype (inter-rater correlation coefficient = 0.89, P < 0.0001), and was analyzed separately.
Elevated Plus Maze. The apparatus and procedure were identical to those described in our previous studies (35, 36) . Tail Suspension. The apparatus and the procedure were described previously (35, 36) . 
COMT activity assay
Two-to 3-month old mice were used for this analysis. COMT activity was determined by high-performance liquid chromatography with electrochemical detection using our standard 
Statistical Analysis
All data are presented as the mean ± standard error of the mean (SEM).
Statistical significance was determined by analysis of variance (ANOVA) followed by Newman-Keuls post-hoc comparisons. The minimum level of significance was set at 5%. 
